enough 0.5 • sucrose solution to cover the leaves. The liquid was filtered through a clean handkerchief and the chloroplasts collected by centrifugation as described by French and Anson (1945) . All operations were carried out in a refrigerator room at a temperature of about 5°C. The desired volume of chloroplast suspension was added to a solution which contained 0.05 ~ K2C204, 0.01 ~ FeNH4(SO4), 0.02 ~r K3Fe(CN)6, 0.20 ~r sucrose, and 0.17 ~ sodium sorbitol borate. 1
The solution containing the experimental material was placed in a round, flatbottom manometric vessel with one side arm. The side arm was filled with 0.5 ml. of a 10 per cent NaOH solution which was prevented from "creeping" with a paraffin barrier. To shorten the temperature equilibration time after the chloroplast suspension was added to the reagents, it was customary to first bring the vessel and the reagents to the temperature of the thermostat, and then add the chloroplast suspension to the reagents. When properly equilibrated, neither the reagents alone in dark or light, nor the reagents plus the chloroplast suspension in the dark, showed any pressure change after the manometer stopcocks were dosed. Before the addition of the chloroplast suspension to the manometric vessel, chloroplast chlorophyll concentration was measured photometrically as described by French and Anson (1945) . Preliminary experiments made with single Warburg manometers showed that long observation periods were necessary because of the small reaction rate. Construction of a differential manometer with a small bore capillary tube increased the sensitivity of the apparatus so that the readings could be made in much less time, with greater accuracy than with single manometers. This was imperative since it was found that at 10 ° C. and in contact with the Hill reagents, the chloroplast suspension lost a small part of its oxygen-producing ability during the first 5 minutes of the experiment. For this reason, in the calculation of the reaction rate, greater emphasis was given to the rate during the initial portion of the illumination period. A second illumination period, separated from the first by either a period of darkness or a period of white light illumination, was accompanied by a further decreased reaction rate. A protocol of the illumination procedure is Shown in Fig. 1 .
The Differential Manometer.--Since the differential manometer used in this work
is slightly different from the original differential manometer described by Barcroft (1908) , a brief description will be given here. The differential manometer used by Warburg and Negelein (1922) , Emerson and Lewis (1943) , and Rieke (1939) is built with the arms of the capillary some distance apart thus requiring a double cathetometer for precise reading of the level of the manometric fluid in either capillary. By construction of a manometer so that both capillaries were vertical and adjacent to each other as shown in Fig. 2 , we have been able to measure the level difference directly with a Bausch and Lomb binocular dissecting microscope fitted with an ocular scale divided into 100 parts. Only one eyepiece was used. The microscope was mounted horizontally on a vertical rack and pinion held on an optical bench. The rack and pinion was movable through an angle of about 10 ° in a vertical bearing, its position at the two extremes being determined by adjustable screw clamps, so that at either setting one of the capillaries is in the center of the ocular scale. It was 1Stock sorbitol borate solutions of pH 6.1, 6.5, and 6.8 were used as a buffer as explained in Table III. customary to place the image of the right capillary at the zero line of the ocular scale by vertical adjustment of the rack and pinion and then to shift the eyepiece to point at the left capillary, the difference in capillary height being read off the scale directly. Each scale division was equal to 0.114 mm. and the readings were reproducible to better than one division. The illumination of the manometer menisci was accomplished by a pen-type flashlight bulb with a built-in lens which was mounted on a separate rack and pinion. Readings were made while the manometer was shaking. The total height difference measurable in this way was about 1 cm. For greater Table III . The quantum yield is determined from the difference in slope between the red light period and an average of the two dark periods. The exposure to white light was made to be sure that the chloroplasts were still active after the experiment. The absence of a pressure change due to respiration of the chloroplasts during the dark period is caused by the fact that both the control and the experimental vessels contained similar material. This respiration is very small anyway as compared with the gas exchange due to the Hill reaction. differences, the stopcock joining the upper part of the two capillaries was opened momentarily to equalize the pressure and to allow the new zero point to be established without opening either vessel to the air. Shaking the manometer and its vessels was accomplished by a rocking motion of 190 excursions per minute through a total path of 0.8 cm. Readings were made at 2.5 minute intervals. The cross-section area of the capillary was 0.0525 mm. ~, somewhat too small for convenience since the viscosity of the fluid can cause a time lag in the equilibrium level with such a small capillary. A manometer fluid with a low vapor pressure, low viscosity, low density, low surface tension, and good wetting properties was found to be xylene containing about 2 per cent each of oleic acid, sorbitol trioleate (Atlas), and "modified" sorbitan trioleate (Atlas). No effort was made to find the precise optimum concentration of these substances. The specific gravity of the solution used was 0.862 (Po : 11, 980 ram.) . It can only be used in an all-glass system. Grease is readily dissolved by this solution. Production and Light Intensity Measuremenl.-- Fig. 3 is a diagram of the equipment used in this study. A 1000 watt T20 tungsten projection bulb with a C13 filament was used as a source and was run at 8.0 amp. instead of the rated 8.7 amp. in order to prolong its life. A 1 kw. voltage-regulating transformer supplied the current. A parabolic mirror with a diameter of 9 inches and a focus of 7 inches concentrated the light into the end of a Pyrex glass tube 2.5 inches in diameter and 3 meters in length. This tube was filled with distilled water and served to absorb most of the infrared light. After the light emerged from this tube it passed through a Jena RG5 filter and was concentrated on the vessel by means of two condenser lenses and a mirror. A diaphragm with a 1 inch circular hole was placed between the mirror and the manometric vessel. The mirror, diaphragm, and the vessel were placed in a water thermostat at a temperature of about 10 ° C. and constant to :t: 0.005 ° C. as measured with a Beckmann thermometer. The rate of the reaction was shown to be directly proportional to the intensity of the light used in this work by the introduction of calibrated screens in the beam to reduce the intensity by a known amount. Quantum yields were not increased by this procedure so it was concluded that light was the limiting factor (Experiments 2, 12, 28, and 29 of Table III) . Further evidence that the light was not too bright for the attainment of maximum efficiency at least for Chlordla photosynthesis is shown in Fig. 4 where a linear rela-tionship is shown between the total incident energy multiplied by the fraction absorbed and the rate of photosynthesis.
Light
The approximate wavelength distribution of this light beam is given in Table I . This was confirmed by visual observation with a spectroscope. The amount of stray radiation of wavelength longer than 720 rap (about 6.8 per cent) was determined with the thermopile by interposing a Wratten filter, No. 88 in the light beam.
..
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Fzc. 3. A diagram of the equipment used for the production and measurement of the light used in this study. The photronic cell box is placed behind the diaphragm D, for calibration, and then in the water in place of the vessel V, to measure the total light incident on the vessel. The thermopile is later placed so that its sensitive surface is in the plane previously occupied by the diaphragm D, to measure the intensity of light used for the photronic cell calibration. T, tungsten bulb. Mr, parabolic mirror, focus= 4.Sinches, diameter= 10inches. Ll, lens, focus= 8inches, diameter = 4.5 inches. L2, lens, focus = 7.5 inches, diameter = 4.5 inches. L2 is used only for calibration, in order that the light beam may be concentrated on the diaphragm, D. This lens and the diaphragm are removed during exposure of the chloroplasts in vessel, V, to the light beam. M~, mirror, used only when vessel, V, is placed in the sphere for transmission measurements. Ls, lens, focus = 10 inches, diameter = 6.5 inches. S, shutter.
For the later experiments the amount of stray radiation was reduced by a further improvement of the light source. A band of light from 660 to 695 mp was isolated from a tungsten lamp with a strip filament which was run at 70 amp. and 5 volts. Isolation was accomplished with the aid of a monochromator made of a 4 X 6 inch transmission replica grating and large condenser lenses. The stray infrared light present in this beam was found to be 3.8 per cent. Experiments 13 to 15 and 20 to 24 inclusive (Table III) were made with this improved light source.
The total energy flux of the beam in the position of the vessel was measured with a photronic ceU fitted with a metal tube having a ground glass window (protected from the water with a plain glass window), and an internal reflecting cone. Its Table III . Calories absorbed = intensity X 5.09 X F. function was to increase the sensitive area of the photronic cell and to enable the cell itself to be kept out in the air while the intensity was measured below the water level. Experiments showed a decrease to about 90 per cent sensitivity near the edge of the glass, hence only the central portion of the glass surface was used. The photronic cell was connected to a low resistance Type R Leeds and Northrup galvanometer with an Ayrton shunt made of resistance boxes. Each day the photronic cell was calibrated in its integrating box by exposure to the light beam at the same position at which the thermopile was used to measure the energy of the beam. A diaphragm with an opening 1 X 3 cm. was placed in front of the photronic cell in the slightly converging light beam, and the galvanometer deflection noted. The photronic cell was removed and an Eppley "surface linear" thermopile was mounted so that the junctions were in the same plane in which the diaphragm had been in the photronic cell measurement, and by uniform lateral movement in from 5 to 10 positions, the average intensity of the beam was obtained. The thermopile in turn was calibrated daily against U. S. Bureau of Standards lamp C345 (checked also with lamp C149) which afforded an energy measurement in absolute units for the beam of light both outside the thermostat and incident upon the manometric vessel. The current source for the standard lamps was a 6 amp. 115 volt Westinghouse full wave rectifier with a filter circuit which reduced the ripple to about 0.5 per cent under operating conditions. The rectifier was fed from a voltage-regulating transformer. The voltage drop across the lamp was measured with a Weston D. C. voltmeter reputedly accurate to 0.5 per cent full scale. All light measurements and calibrations were carried out as soon as each experiment was completed. Calculated corrections were applied for reflection losses from glass and water surfaces and from the thermopile window whose transmission for the standard lamp radiation was taken as 0.85.
The Measurement of the Fraction of Incident Light Absorbed by the Suspension.-
The authors are indebted to Dr. Foster Rieke for instruction in the use of the Ulbricht sphere. Our apparatus differed from that used by Dr. Rieke and will therefore be briefly described here. The integrating sphere consisted of two sheet metal hemispheres 18 inches in diameter. These hemispheres were coated on the inside with a white reflecting surface. The sphere was mounted above the optical bench on which a movable mirror was placed to throw most of the light beam through a lens mounted over a hole in the bottom of the sphere. The light beam came to a focus on the bottom of the manometric vessel which was suspended in the center of the sphere on movable horizontal wire arms (Fig. 3) . A photoelectric tube and amplifier system were used to measure the light in the sphere. The phototube was placed in the side of the lower hemisphere and shielded from the light beam by a white baffle plate. In this way only the diffused light was measured. By moving the manometric vessel in and out of the beam, (Do = 100), measurements of light intensities were made when the vessel was empty, when the vessel contained water (D,), when the vessel contained the Hill reagents (Dh), when the vessel contained the Hill reagents plus the suspension (Ds), and when the vessel contained India ink (D~). The fraction (F) of the incident light absorbed was calculated from the formula:
The Ulbricht sphere should give essentially correct values for absorption by pigment alone, corrected for light scattering by particles, if used with monochromatic light. Since the light beam used in this work was not monochromatic~ it was neces-salt to make some estimate of the amount of error introduced into the absorption measurements as made with a selective receiver on a pigment having such sharp absorption bands as chlorophyll. The reason for this error is that the wavelength distribution of the beam is altered in passing through the chloroplast suspension. This gives rise to a higher proportion of light of longer wavelength in the beam after it has passed through the chloroplasts. The photocell used with the sphere was more sensitive to the wavelength range 690 to 720 mg than to the range 660 to 690 mg, thus the apparent transmission of the suspension was too great when measured by this procedure. Since the evaluation of the correction to be applied for this effect is not easy to deduce directly, it was approximated in a rough way and was found to be relatively small. An approximation of the error was obtained by the simultaneous measurement of a solution of purified chlorophyll in toluene with the photocell and with the thermopile. Since the wavelength maximum of chlorophyll absorption is sMfted to shorter wavelengths in toluene from its position in the cells, this is only Wire screens 0.536 0.548 +2.2 * American Chlorophyll Company "5 x" in a 1 cm. layer of toluene. $ The measurements with the wire screen were made to test the agreement between photocell and thermopile readings with a non-selective absorber. a rough method of estimating the error of sphere measurements with in situ chlorophyll. The light beam was filtered through 3 meters of water and the RG5 filter, passed through 1 cm. of the chlorophyll solution (or through a similar glass cell filled with toluene for the I° reading), and then fell on the thermopile. The light not intercepted by the thermopile elements passed through the instrument and out the rear window of its housing where it was measured by the same photocell as was used in the sphere. Thus simultaneous measurements of the same beam were made with both the photocell and the non-selective thermopile. Transmission values of the chlorophyll solution as measured by both instruments are given in Table II . Assuming the thermopile measurements are correct we see that the use of the photocell gives values about 8 per cent too low for the fraction of light absorbed by the chlorophyU solution. Since this error is small as compared with the variability of plant material, and since it may not be quite correctly determined, no adjustment of the data was made to correct this error. Furthermore, Experiments 15a and 15b in Table III were both made with the same chloroplast suspension on the same day, but using different chloroplast concentrations (and hence different F values) and gave similar quantum yields. If there were any great error in the determination of F, the yield would certainly vary for different values of F. * The error was estimated more or less arbitrarily to enable us to record those experiments in which the manometric or/and intensity measurements were less satisfactory because of minor errors of operation.
The gas space of the manometric vessel was filled with air for all experiments except Nos. 1 and 2, for which nitrogen was used. The side arms of the manometric vessels were filled with 0.5 ml. of a 10 per cent NaOH solution for all spinach and Tradescantia experiments. In an experiment in which the rate of uptake of CO~ liberated from carbonate with acid was measured, this amount of NaOH in the side arm was found to absorb CCh 6 to 8 times as fast as the most rapid evolution of oxygen found in this work, hence CO2 evolution, if any, was a negligible factor in the observed results. The sodium sorbitol borate buffer was added as a 2.0 ~ stock solution of pH 6.5 in Experiments 1 to 5 and 16 to 18 and of pH 6.8 in Experiments 6 to 15 and 19 to 24. It was found that upon dilution of this buffer with the Hill solution as used in the manometric vessels, the pH shifted to 7.4 and 7.7 respectively. Inspection of Table III shows no significant difference in yield between th~se two pH values. Whether or not this slightly alkaline buffering was disadvantageous at the low light intensity used in this work was decided as follows: Two quantum yield measurements were made on the same suspension of spinach chloroplasts under identical conditions, one at a pH of 7.7 and the other at pH 7.0. The yields for these were respectively 0.020 and 0.022 molecules of oxygen per quantum of light energy. Repetition of this experiment on another day gave values of 0.027 and 0.023 molecules of oxygen per quantum respectively for pH 7.7 and 7.0. It would appear that at the low light intensity used in this study, buffering at pH 7.7 gives quantum yield values which are not significantly different from values obtained when buffering at pH 7.0. Holt and found that at high light intensity similar chloroplast suspensions gave a maximum oxygen evolution at pH 7.0. § The standard error for a small number of samples:
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H Experiments 25 and 26 were made with single Warburg manometers while all other experiments were made with the differential manometer. The buffer used for the Ctdordla experiments was Warburg's carbonate No. 9 (15 ml. 0.1 ~r Na2COa plus 85 ml. 0.1 x, KHCO,). The algae were suspended directly in this mixture.
RESULTS
The quantum yield data are summarized in Table III . There is considerable variation in the quantum yields, particularly in those of the spinach, and to a lesser extent in the yields of the Tradescantia chloroplast suspensions. The quantum yield for oxygen production by spinach varied from 0.013 to 0.080 molecule per quantum with an average yield of 0.042 and a standard error of -4-0.004. Yields for Tradescantia varied from 0.017 to 0.065 with an average yield of 0.030 and a standard error of ±0.005. For ChloreUa photosynthesis, quantum yields varied from 0.053 to 0.115 with an average of 0.092 and a standard error of ±0.005. Although the quantum yields of the spinach and TraJescantia chloroplasts are less than the yields for Chlorella photosynthesis, the results could possibly still be taken to suggest that the photochemical reaction studied was more closely related to photosynthesis than to an oxidation reaction, since occasional spinach and Tradescantia chloroplast experiments gave results comparable to the values for algal photosynthesis.
No accurate measurements were made to determine how much of the variation in quantum yields was operational error and how much was the result of the previous treatment of the test material, especially in case of the spinach which was obtained at a grocery store. One line of evidence however which lends credence to the belief that operational error was small is as follows: When part of a particular lot of spinach was stored in the refrigerator, a suspension made from this material on the following day, and its quantum yield compared with that of the previous day, good agreement was found (Experiments 9, 10 and 13, 14 in Table III ). However, upon standing longer, quantum yields were definitely lower. This is shown in Experiments 13, 14, and 15 in Table III , which represent 1st, 2nd, and 3rd day runs on the same test material, the spinach being kept in the cold room, in the dark, and well moistened between runs. The yields for the respective days were: 0.058, 0.053, and 0.036 molecule per quantum. It is obvious that because of this decrease in activity and because of the difficulty of knowing the exact state of the market spinach, that this material is not as desirable as material such as Tradescantia which was obtained fresh from the greenhouse. Market spinach is worth further investigation however, when one considers the difficulty in obtaining other material in sufficient quantity all year.
DISCUSSION
It seems evident from the good agreement of the several duplicate determinations with the same suspension that the variability of the results is due to variation of the state of the plant material rather than to any great inaccuracy in the technique of measuring either light intensities or pressure changes. There is no correlation of yield with the fraction of light absorbed. A correlation might be expected in event of a systematic error in absorption measurements. The values obtained for CldoreUa photosynthesis agree reasonably well with values obtained in the far more elaborate studies of Emerson and Lewis (1943) , Manning, Stauffer, Duggar, and Daniels (1939) , and Rieke (1939 Rieke ( , 1941 , thus providing a rough check on our entire procedure. The present results for the Hill reaction give an average value of about 0.04 molecule of oxygen per quantum of light absorbed. Several individual values in the neighborhood of 0.07 were found. In general it may be said that the efficiency of the in ~itro oxygen production by chloroplasts is less than that of normal Chlordla photosynthesis (0.09) but of the same general order of magnitude. It appears that about two or three times as much light is required by isolated chloroplasts in Hill's solution under our conditions for a given amount of oxygen production as is needed for photosynthesis by intact algal cells. What then becomes of this extra light? Mechanisms proposed to account for the utilization of four to ten quanta of light for the liberation of an oxygen molecule by photosynthesis become of doubtful value when stretched to accommodate twenty or thirty quanta. It would appear more likely that the larger part of the light in this case is absorbed by molecules of chlorophyll that do not cause chemical reaction but merely transform the light into heat. The inability of certain molecules of chlorophyll to initiate the Hill reaction could easily be accounted for by a lack of a sufficient concentration of the enzymes or other essential substances in the immediate neighborhood of the activated chlorophyll. It may be, however, that there are some chloroplasts which are entirely inactive, as well as some that function with their full theoretical efficiency. It is to be noted that some of the measurements with isolated chloroplasts give values approximating the yields found for normal photosynthesis. This might perhaps be taken as a suggestion that the Hill reaction, when it takes place in chloroplasts having largely active chlorophyll gives off oxygen with the same efficiency as in the common photosynthetic reaction. The present results, in spite of their variability, definitely show that the Hill reaction is less efficient than the photoxidation of organic compounds by chlorophyn in organic solvents, probably more efficient than photoxidation in leaves, and about one-half as efficient as photosynthesis in algal ceUs. Table IV summarizes the quantum yield data for photoactivated chlorophyll in various reactions.
In order to make more accurate measurements of the true quantum yield uncomplicated by the variation in the state of the leaves, the physiology of the Hill reaction must be investigated further. In particular, more information as to the effect of pretreatment of the leaves on the rate of the oxygen evolution at both high and low intensities must be obtained before better quantum yield experiments can be made. We suspect on the basis of the work of Kumm and French (1945) that refinements in the procedure of leaf treatment before chloroplast isolation might lead to an efficiency of the Hill reaction more nearly comparable to that of photosynthesis.
The obvious experimental approaches to further studies of the energetics of the Hill reaction are to follow the effect on the efficiency of: (a) Pretreatment of the leaves from which chloroplasts are extracted, (b) variation of the extraction procedure and the concentration of the reactants in the Hill solution, (c) fractionation of ground chloroplasts in an attempt to concentrate the active constituents. Much useful information should also be obtained by correlating the maximum rate of oxygen formation in bright light with the yield per quantum of light of low intensity. 2. It was concluded that the nature of this oxygen liberation reaction is not fundamentally different from the formation of oxygen in normal photosynthesis, with respect to its light efficiency.
